Cosmic microwave background (CMB) temperature anisotropies encode the history of the universe, which manifest itself in the angular power spectrum. We test the angular power spectra of small patches from the ESA Planck data. Known variations in the power spectra from small patches reveal informative details such as gravitational lensing and Doppler boosting effect. By computing the relative shifts of acoustic peak positions, we construct a full-sky peak-shift feature map. We found a significantly (p < 1%) strong global dipole signal compared with simulations. After ruling out the foreground contamination, we discuss possible causes for this sizeable dipolar peak-shift.
INTRODUCTION
Temperature anisotropies of the CMB provide an image of the universe when it was just around 380 000 years after the Big Bang. They contain a wealth of information about the universe, in particular, the acoustic peaks in the angular power spectrum, a manifestation of compression and rarefaction of the photon-baryon plasma before recombination (Hu & Dodelson 2002; Dodelson 2003) . With the measurement of the CMB by NASA WMAP and ESA Planck missions, a flat model with cosmological constant and cold dark matter (ΛCDM model) has emerged as the accepted concordance model for our universe. There are, nevertheless, some anomalies against the model found in WMAP data still persisting in Planck data, such as the alignment between CMB quadrupole and octopole and the Cold Spot (Bennett et al. 2011; Planck Collaboration et al. 2016a) .
Analyses on CMB are usually performed on full-sky maps, but one can do so on small patches too. Acoustic peak measurement from a partial sky not only give us a glimpse of cosmological implication but also shed light on the encoded details inside the patch itself for some CMB secondary effect such as the gravitational lensing (Carron et al. 2017) , and the Doppler boosting effect (Planck Collaboration et al. 2014) , both known to shift the underlying power spectrum (Lewis & Challinor 2006; Notari et al. 2014; Carron et al. 2017) . Also, acoustic peak positions in harmonic space are related to scales; thus any significant statistical deviation in peak positions of small patches has some physical mechanism attributed to it.
Due to the importance of the acoustic peaks, the statistics of peak positions of small patches from Planck CMB maps was first tested in Chiang (2018) , and it was found correspondence: mho026@ucr.edu; Current Ph.D. student in UC Riverside.
the patch covering the famed Cold Spot (Vielva et al. 2004; Planck Collaboration et al. 2016a) , an area near the Eridanus constellation where the temperature is significantly lower than the Gaussian theory predicts, has significantly large peak shifts relative to the mean. Combined with the significantly low temperature of Cold Spot, which is also surrounded by surprisingly large underdense regions (Finelli et al. 2016) , it was suggested the cause of the anomalies mentioned above (p = 1.1 × 10 −6 ) is some mysterious energy stretches the space in the transverse direction (Chiang 2018) .
ANALYSIS
We followed the previous study in Chiang (2018) to test the full-sky peak shift of small patches in ESA Planck Legacy Archive PR2 CMB maps in this letter. The 4 Planck CMB maps: SMICA, NILC, SEVEM, and COM-MANDER maps are derived from different foreground cleaning methods (Planck Collaboration et al. 2016b ), and we use COMMANDER map as the major testing one because it contains much fewer invalid pixels along the Galactic plane, while the other 3 have either artificial spots or significant foreground residuals.
To extract the individual angular power spectrum from small square patches, we used flat-sky approximation to convert the power spectrum S k obtained via 2D fast Fourier transform (FFT), and the scaling relation (Chiang & Chen 2012) between Fourier and spherical harmonic transformation C ≡2πk/L = L 2 S k , where L is the size of the patch, enabled us to speed up the computation of angular power spectrum extraction so that sampling with large amount patches was possible. We follow the pipeline of getting the angular power spectra from patches in Chiang (2018) by the cross spectrum on the half-ring maps to eliminate uncorrelated noise (and its residual (Chiang & Chen 2011) mean power spectrum best-fit CDM Figure 1 . Mean power spectrum of all 30 720 patches we selected to produce our peak-shift feature map. Blue points are from the mean power spectrum, and the black dots are 150 power spectra randomly sampled from all 30 720 patches to illustrate the variance. The underlying orange curve is the best-fit ΛCDM model from Planck.
, where A is the coefficient varying with different sizes of patches listed in Table 1 . The final step is the de-convolution of the beam transfer function with FWHM 5 arcmin. For the details of cross-spectrum method and the correction of non-periodic boundary condition, please find the Appendix section in (Chiang 2018) .
In Chiang (2018) , the patches are selected without overlapping. Here we randomly sampled 30 720 patches from the COMMANDER half-ring maps, each 20 × 20 deg 2 , For each power spectrum D , we fitted with four Gaussian functions and used first three peak positions Peak positions were estimated by fitting power spectrum D ≡ ( + 1)C /2π with the sum of four Gaussian functions from = 54 to 1 350 for 20 2 deg 2 patches (see Table 1 for fitting range for other sizes due to the increasing of difficulty of fitting in smaller sizes). We used lmfit (Newville et al. 2014 ) based on Levenberg-Marquardt method (More 1977) , which was the standard way applied by WMAP and Planck to find the peak positions (Page et al. 2003; Planck Collaboration et al. 2016c) .
We, in general, applied Levenberg-Marquardt algorithm and used other algorithms such as L-BFGS-B (Zhu et al. 1997 ), Powell (Powell 1964) , TNC (Nash 1984), COBYLA (Powell 1998) , and Nelder-Mead (Powell 1965)) for some misfitted patches from the results of Levenberg-Marquardt fitting. For roughly every 1% cases in 20 2 deg 2 squares, we had to re-fit, though we would like to emphasize that the feature maps change little regardless of re-fitting using other algorithms.
The "distance" of the peak positions to their mean | −¯ | was used to describe the peak shifts in Chiang (2018). Here we define the sum of the peak shifts in a patch
where¯ (j) , j = 1, 2, 3 are the means of first three peak positions, respectively. Total peak shifts I characterizes the synchronicity of peak shifts in the angular power spectra, and the sign indicates a general tendency of the power spectrum is shifting towards large scales (small ) for negative I or smaller scales (large ) for positive I. Figure 2 . The full-sky peak-shift feature map in galactic coordinate and its power spectrum. We showed the full-sky peak shift in terms of I constructed from 30 720 patches with 20 × 20 deg 2 size on Planck COMMANDER map. The shift has a significantly strong dipole mode towards small scales (positive I) at (l, b) = (4 • .5, 32 • .7). In the bottom left we show the power spectrum C I of this peak-shift I feature map (black curve) and those from 100 simulations (light blue area).
The centers of the 30 720 patches are randomly scattered on the sphere. We then applied low-resolution HEALPix map (Górski et al. 2005) with N side = 16 (total pixel number 3 072 with pixel size 13.43 deg 2 ) so that each HEALPix pixel can bin 10 patches on average (Kovács & Szapudi 2015) and we define that in each pixel I ≡ I is the mean from all the sampled patches whose centers fall inside the pixel. The feature map-making process is the same as making a convolutional feature map in the field of computer vision: we slide the convolutional filter (patch) through the whole sphere and record the output of the filter in the feature map (with average pooling).
We show the peak-shift feature I map in Fig. 2 One can see the area near the Cold Spot, which was already reported in Chiang (2018) 
K2)
near Draco best-fit CDM Figure 3 . Top panels: Three selected CMB patches in three different pixels on the peak-shift feature map. From left to right patches are the patch at the Cold Spot pixel, the patch at the Hercules pixel, and the one at the Draco pixel. Bottom panels: Mean power spectra from three selected pixels: the Cold spot pixel (with total shift vale I = −45.93), Hercules pixel (with total shift value I = +50.09), and Draco pixel (with total shift value I = −41.37). Blue points are the mean power spectra of the selected pixels, black dots are all power spectra in the selected pixel, and the orange curve is the best-fit ΛCDM model from Planck. For comparison, we also process the other three Planck maps SMICA, NILC, SEVEM using Planck GAL70 mask in top panels of Fig. 4 , and bottom panels show the comparison of the feature maps with different patch sizes 15 2 , 18 2 , and 20 2 deg 2 . Another comparison is made on the feature map for power spectra taken from SPICE package (Szapudi et al. 2001) and from FFT in Fig. 5 . We use 8 500 patches of 20 2 deg 2 on HEALPix N side = 8. In analyzing the full-sky peak-shift feature map with spherical harmonic multipole expansion, we show the angular power spectrum of the feature map in the bottom left of Fig. 2 . We found that the dipole C I =1 of the feature map was unusually large, with magnitude 110. Two known sources can cause significant peak shift in small patches, i.e., gravitational lensing (Carron et al. 2017) , and Doppler Boosting effect (Planck Collaboration et al. 2014; Jeong et al. 2014 ). We took the Planck 100 lensing simulations from the official website (Planck Collaboration et al. 2014) 2 . These Planck simulations are based on the power spectrum of the bestfit ΛCDM model with gravitational lensing and Doppler boosting effect included. Finally, we constructed full-sky feature maps with the same procedure described above from those simulations. The dipole of the COMMAN-DER feature map was higher than those from all the 100 simulations with significance p < 1%, as is shown in the bottom right panel of Fig. 2 .
Since the Planck maps still contains the Doppler Boosting effect, one can correct the peak positions of the patches from such effect (particularly the aberration effect) via ∆ / = β cos θ (Jeong et al. 2014) , where θ is the angle deviated from the velocity direction, and β ≡ v/c 0.00123 is a constant, and the peakshift dipole direction, after such correction, is now from (l, b) = (−175
• .5, −32
• .7) (shifting from the largest to smallest scale).
To test the influences of foreground residuals on the Peak-Shift dipole, we added three different types of 5% foregrounds: free-free, synchrotron, and the thermal dust maps to 100 CMB simulations. The 5% amplitude of the foregrounds on the galactic plane region is still too high to be considered as foreground residuals, so we further block out the Gal90 galactic plane region to make the foregrounds to have a similar amplitude in the other areas. We used the foreground maps released by Planck Collaboration et al. (2016d) and adjusted their reference frequency to be 100 GHz. The signal models for different CMB foreground brightness temperature were given in Table 4 of Planck Collaboration et al. (2016d) . We processed the 100 CMB simulations with 5% foregrounds (free-free, synchrotron, and dust) using the same peakshift feature map generation pipeline. With these 100 feature map simulations, we calculated the dipole power from the power spectrum of each feature map simulations.
In Fig. 6 we plot the difference in the dipole power and the direction shift after adding the foregrounds. We found the standard deviation of the dipole magnitude changes (∆C I =1 /C I =1 ) is 0.61% and the mean shift in dipole direction is equal to 0
• .16 among the 100 simulations. Thus foreground residual can be ruled out as the cause of the significantly large dipole. Figure 6 . The effect of 5% foregrounds on the direction and power of the peak-shift dipole. We added 5% Planck foregrounds:freefree, thermal dust, synchrotron emission scaled to 100 GHz to 100 simulated maps and calculated the change in dipole power (left) and dipole direction (right). The standard deviation of the change in dipole power is 0.61% and the mean of change in direction is less than to 0 • .16, meaning the foreground residual cannot be the cause of the significantly strong dipole.
anomalies against the model in the Planck data alone, such as low variance and power deficit at large scales, and lack of large-scale angular correlation. The main finding in this work is that there exists an unexpected large-scale peak-shift dipole in the CMB full-sky map with significance < 1%. Such a large-scale shift cannot be due to gravitational lensing as it would violate the Cosmological Principle. Since we have ruled out the foreground contamination, one of the possible causes of this sizeable dipolar peak-shift could be related to the issue around the CMB dipole.
The dominant contribution to the CMB dipole is usually attributed to the observer's motion with respect to the last scattering surface, defined as the CMB rest frame (Lineweaver et al. 1996; Bennett et al. 2003; Planck Collaboration et al. 2014) . This motion has a velocity v = 369.82 ± 0.11 km s −1 in the direction (l, b) = (264
• .021 ± 0 • .011, 48
• .253 ± 0 • .005), around the Crater Constellation (Planck Collaboration et al. 2018 ). This dipole is usually subtracted from the CMB data during data processing.
It is mentioned (Planck Collaboration et al. 2018 ) that the 2015 nominal Solar dipole has been subtracted in the latest released 2018 DR3 maps. It is particularly noted the nominal Solar dipole is slightly different from the final best dipole. As a result, small residual Solar dipole is present in all 2018 maps. The CMB maps we took to produce the feature maps, however, are from Planck DR2 (Planck Collaboration et al. 2016b) . We didn't use the latest 2018 DR3 official data release as there are no available halfring maps, which are the type of maps we need for producing cross-spectrum in our analysis. Nevertheless, if the data processing for 2015 DR2 is similar to that for 2018 DR3, then the peak-shift dipole we detect is a manifestation of the residual from the dipole subtraction.
Another possible cause for the peak shifts is from the disproof of the assumption that the CMB dipole is due entirely to the Doppler Boosting of the monopole from our motion, which is yet to be confirmed by observation. Some of the bulk flow measurements do not converge with the CMB dipole (Watkins et al. 2009; Feldman et al. 2010; Nusser & Davis 2011; Wiltshire et al. 2013; Hoffman et al. 2015) . If there is a discrepancy between the estimated velocity of the Local Group from CMB dipole and the measured large-scale bulk motion, the peak shift dipole can be induced from their residual, similar to the way the Doppler aberration effect is induced. Thus this found peak-shift dipole can serve as the test of such an assumption. One should note that any correction for this large-scale dipole in peak shift is likely to solve the issue of excessive peak shift found near the Cold Spot (Chiang 2018) as the Cold Spot is away from the peak-shift dipole direction by 145
• .5.
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